East Asia is home to some of the most dynamic economies on earth, but also a locus of current and historical national and international conflicts. Some of the largest economies lack domestic energy resources, and nuclear power has been adopted as a perceived key to energy security. Lacking, however, is a concerted strategy for managing nuclear spent fuel at the regional or even, for the most part, national levels. Regional cooperation on spent fuel management offers many benefits, as well as challenges. This two-part paper explores four different "scenarios" of regional spent-fuel management, ranging from a national "go-it-alone" option to regional cooperation on uranium supply, enrichment, and "back-end" spent fuel management. Results for physical flows of nuclear materials and other inputs and outputs, and for the relative costs of each scenario, are presented. Results suggest that the costs of scenarios that include reprocessing are higher than those without reprocessing, and costs for increased dry-cask storage (reducing the amount of fuel stored in high-density spent fuel pools) are likely to be a tiny part of overall nuclear fuel cycle costs. As result radiological risk and attendant political, social, and legal concerns should drive decisions regarding spent fuel management, not costs.
• The Democratic Peoples' Republic of Korea (DPRK), which physically stands in the way of overland gas and electricity exports from Russia to the ROK, and whose relationship with its neighbors and the international community in general-specifically regarding its nuclear weapons program, but in many other ways as well-adds considerations to nuclear plans in the ROK and Japan. At the same time, however, the desperate situation of the DPRK's energy sector, and the DPRK's desire to address its energy issues, may offer opportunities to catalyze energy cooperation in the region.
• Potential nuclear energy users in the broader East Asia and Pacific region, including Indonesia, Vietnam, and Australia, although each has a history of varying levels of political enthusiasm for nuclear power.
Safeguarding Nuclear Spent Fuel
One goal shared by all nuclear nations-if not with equal levels of concern among governments, groups, and individuals-is the securing of radioactive materials from release during accidents or attacks, including terrorist attacks, on nuclear facilities. Here a key distinction is between spent fuel stored in spent fuel pools and in dry casks, the two major ways that spent fuel is stored pending the development of long-term storage or disposal facilities.
Spent fuel pools are deep pools of circulating water, typically adjacent to and/or contiguous with nuclear reactor containment buildings, in which irradiated fuel removed from the reactor core is cooled, usually for at least five years but often longer, before being moved to other storage facilities or being reprocessed to separate plutonium and uranium from other components of the fuel.
M a n u s c r i p t 4 Dry-cask storage typically encases fuel elements in a sealed metal canister from which water has been removed, and which has been filled with an inert gas. The metal canister is then placed in a concrete and/or steel overpack, creating a massive (tens of tons), robust package.
Dry-cask storage of spent fuel appears much less vulnerable to release of radiation through accident or attack than storage of fuel in in spent fuel pools. Release of radiation from fuel stored in dry casks essentially requires a concerted effort targeted specifically at the dry cask to not only break it open-requiring high explosives that detonate essentially on the cask or physically drilling into the cask, requiring proximity of attackers-but to ignite the spent fuel assemblies stored in the cask. Zircaloy-clad fuel assemblies in dense-racked spent fuel pools, on the other hand, can ignite if water from the pool is lost, as dense-racked pools lack the ability to passively release sufficient heat through the air when coolant is lost, leading to rising temperatures and, eventually, ignition of fuel cladding, resulting in releases of radioactivity. Most of the spent fuel pools in use in Northeast Asia today (and in many other places, including the United States) use dense-racking systems to conserve space in spent fuel pools, due to a lack of alternatives for spent fuel storage/processing/disposal.
Overall, the countries of the complex and varied East Asia/Pacific region share many (but not all) energy sector problems, and although cooperation on energy sector and nuclear sector (and other) issues has not generally been the hallmark of international relations in the region, cooperation may, in fact, bring mutual benefits, as discussed later in this paper.
Summary of Overall Northeast Asia Energy/Nuclear Energy/Energy Policy Situation
Over the past two decades, economic growth in East Asia-and particularly in China, the Republic of Korea (ROK), Vietnam, Taiwan, and Indonesia-has rapidly increased regional energy requirements, especially electricity needs. Although economic growth slowed in much of the region during the global recession of [2008] [2009] [2010] , and electricity demand in Japan declined in the aftermath of the accident at the Fukushima reactor following the March, 2011 Great East Japan earthquake, overall growth in demand for electricity in the region continues. As a recent, eye-opening example of these increased needs, China added over 100 GW of generating capacity-more than the total generation capacity in the ROK as of 2010-in each of the years between 2012 and 2016 alone (National Bureau of Statistics of China, 2017) . Despite increasing (and increasingly successful) efforts to boost hydroelectric and other renewable generation, the majority of the capacity China has added annually in recent years has continued to be coal-fired, underlining concerns regarding the global climate impacts of steadily increasing coal consumption.
With the difficult lessons of the "energy crises" of the 1970s in mind, several of the countries of East Asia-starting with Japan in the mid-1970s, and continuing with the ROK, Taiwan, and, in the early 1990s, China-have sought to diversify their energy sources and bolster their energy supply security, as well as achieving other policy and social objectives, by developing nuclear power. Several other East Asian nations are currently discussing adopting nuclear power as well, if not, like Vietnam, taking concrete steps toward developing their own nuclear facilities. At the same time, global security concerns related to terrorism and to the nuclear weapons activities of the Democratic People's Republic of Korea (DPRK), Pakistan, and India, as well as the (nominally peaceful) uranium enrichment programs pursued by Iran and, as revealed publicly in 2010, the DPRK, have focused international concern on the potential for proliferation of nuclear M a n u s c r i p t 5 weapons capabilities associated with nuclear power. Reducing the potential for proliferation is, in a sense, a part of nuclear disarmament, as it is the means by which the international community can avoid the production of nuclear weapons arsenals in the first place. In addition, old concerns regarding the management of nuclear spent fuel and other wastes, including the safety and long-term implications of various means of spent fuel management and/or disposal, as well as the siting of spent fuel facilities, remain, at best, only partially addressed.
One means of addressing proliferation concerns, reducing environmental and safety risks of nuclear power, and possibly modestly reducing the costs of nuclear energy to the countries of the region, is regional cooperation on nuclear fuel activities. A number of proposals for regional cooperation on safety, enrichment, spent-fuel and waste management, and other issues have been offered over the years, some from within the region, and some from outside the region (see below). The net impact, however, of regional nuclear cooperation on the energy securityexpressed broadly to include supply security, economic impacts, environmental security, and security related to social and military risks-requires a more detailed look at how cooperation on nuclear power might be organized and operated. Working with a network of collaborating teams in nine countries of the region, we defined several different scenarios for nuclear fuel cycle cooperation in East Asia, evaluated those scenarios under different sets of assumptions regarding the development of nuclear power in the region. These evaluations of the physical flows of nuclear fuel cycle materials and services, and of the costs of different elements of the fuel cycle, help to shed light on the relative readily quantifiable costs and benefits of different regional fuel cycle cooperation options. At least as important, however, are the relative impacts of different fuel cycle options on other aspect of (broadly defined) energy security, which can be evaluated qualitatively.
East Asia and the Pacific includes three nuclear weapons states-including the United States based on its physical proximity and jurisdiction over several Pacific territories, as well as its geopolitical and cultural importance in the region-plus one (the DPRK) that has been nucleararmed since 2006. The region also includes three major economies that are nearly completely dependent on energy imports and for which nuclear energy plays a key role, a nuclear materials supplier nation currently without commercial reactors of its own, and at least two populous and fast-developing nations with stated plans to pursue nuclear energy. [ Table 1 -1 provides a summary of the status of major nuclear fuel-cycle activities in each country covered by the analysis summarized here. To this listing can be added Mongolia, which has significant uranium resources and a history of uranium production and exploration during Soviet times. Though Mongolia has no other active commercial nuclear facilities, its involvement in regional nuclear fuel cycle activities related to uranium supply has been proposed (see, for example, Agvaanluvsan [2009], and Miller [2012] ). Mongolia's status as a nuclear weapons-free state, a process begun in 1992 and recently (2012) formalized through recognition by the five permanent members of the United Nations Security Council (see, for example, Kimball [2012] ), also potentially makes it an interesting "player" in nuclear weapons and nuclear energy policy in the region, though when one of the authors of this paper visited Mongolia, the officials he talked with seemed less than enthusiastic about Mongolia's participation in nuclear activities, and indicated that recent stated Mongolian energy policies omit nuclear power and related endeavors.
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Indonesia
No current commercial reactors, but full-scale reactors planned.
Some U resources, but no production; no enrichment.
Consideration of back-end facilities in early stages.
Vietnam
No current commercial reactors, but a number of full-scale reactors planned, with agreements signed recently with Russia, Japan, ROK for reactor construction and finance, and site work done, but the start of construction on the first unit has been delayed (World Nuclear Association 2017e). Enthusiasm for nuclear power in Vietnam seems to have waned in recent years, in 2016 Vietnam canceled plans for its first two reactors.
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Current Status of Electricity Consumption and Nuclear Generation
Recent growth in electricity generation and use in East Asia has been remarkable. As an example, [ Figure 1 -1 shows total electricity generation in the Northeast Asia region more than tripled between 1990 and 2016, with generation in China increasing by nearly a factor of 10, generation in Taiwan increasing by a factor of nearly three, and generation in the ROK increasing by a factor of 4.7. Even though electricity production in Japan-which in 1990 had the highest generation in the region-grew by only 19 percent (an average of 0.7 percent annually), the fraction of global generation accounted for by the Northeast Asia region grew 5 World Nuclear Association (2017d). Note that 2010 and 2011 production were substantially lower than the average of over 8000 t U per year in the previous decade (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) , a trend that has continued, with average output and exports post-2011 close to 6000 tU per year. 6 See, for example, South China Morning Post (2018). 7 David von Hippel, personal communication with Vietnamese officials. The Vietnamese economy has not performed as well as hoped, and although nuclear plants remain of interest in Vietnam, it appears that the cost of the plants may become more of a barrier to large-scale adoption of the technology. See also: Associated Press (2016).
A c c e p t e d M a n u s c r i p t 8 from just over 15 percent in 1990 to over 32 percent in 2016, even as electricity generation in the rest of the world grew at an average rate of 2.0 percent annually. As notable as this increase in overall consumption and of the fraction of the world's electricity has been in Northeast Asia, the last few years have seen a decline in electricity generation in Japan, a leveling-off of generation in the ROK, and even, between 2014 and 2016, a decline to just over 4 percent average annual growth in reported generation in China, though previous years (2009) (2010) (2011) (2012) (2013) (2014) saw annual increases in generation in China in the 6 to 13 percent/year range.
[ , and RFE (estimated from paper by Gulidov and Ognev [2007] ). Generation figures shown are for gross generation (that is, including inplant electricity use), except for Mongolia and the RFE. M a n u s c r i p t 9 possible exception of Japan)-many of the countries of the region face significant energy resource constraints. The industrialized economies of Taiwan, the ROK, and Japan import over 90 percent of their energy needs. Vietnam and Indonesia, though they have been net energy exporters for several decades, are at or near the point where they will become net importers. China, though endowed with large reserves of coal and significant oil and gas reserves, is obliged to meet the energy needs of an increasingly affluent 1.3 billion people, and the economy that sustains them. As a result, China is increasingly an energy importer as well. The sparsely settled Russian Far East has a vast resource endowment-including hydraulic energy, coal, oil, and natural gas-that could potentially be harnessed for export to its neighbors. A combination of severe climatic conditions, politics, and huge financial requirements for the infrastructure needed to accomplish oil, gas, and power exports have slowed development of these resource sharing schemes. Even massive international pipelines and powerlines, however, will only make a modest contribution to the energy needs of Russia's energy-hungry neighbors (see, for example, von Hippel and Hayes [2008] ).
The resource constraints faced by most of the nations of the region, together with the technical allure of nuclear power, have made East Asia a world center for nuclear energy development, and-news reports of a global nuclear renaissance notwithstanding-one of the few areas of the world where significant numbers of nuclear power plants are being added. Nations have chosen nuclear power because they wish to diversify their energy portfolios away from fossil fuels (especially oil) and thus improve their energy supply security, because nuclear power provides a stable sources of baseload power with low air pollutant emissions (particularly compared with coal), and for the less practical but still significant reason that being a member of the nuclear energy "club" is seen as offering a certain level of status in the international community.
Previous Proposals for Nuclear Fuel Cycle Cooperation in East Asia
Regional (East Asia), and indeed, global nuclear fuel cycle cooperation proposals have been offered by a number of groups and individuals over the past two decades and earlier. Below we provide brief descriptions of selected prior proposals. Other authors have reviewed these and other proposals in greater detail than is possible here (for example, Yudin [2009 Yudin [ , 2011 , Suzuki [1997] , Tanabe and Suzuki [1998] ).
• Interest in regional/international spent fuel/radioactive waste storage/disposal increased significantly in the 1970s and early 1980s. In 1977, the IAEA reported that regional fuel cycle centers were feasible and would offer considerable nonproliferation and economic advantages. In 1982, the IAEA concluded a project of the International Fuel Cycle Evaluation (INFCE) in which IAEA expert groups suggested an establishment of international plutonium storage and international spent fuel management (Bunn et al 2001) .
• In the mid-1990s, the concept of the International Monitored Retrievable Storage System (IMRSS) was proposed by Wolf Hafele. The IMRSS envisioned international sites where spent fuel, and possibly also excess separated plutonium, could be stored under monitoring for an extended period but could be retrieved at any time for peaceful use or disposal (Hafele 1996) .
• In the mid-1990s through the late 1990s, a number of proposals for nuclear power sector cooperation in the Asia-Pacific region, on topics ranging from safety to proliferation to waste management, were developed. Tatsujiro Suzuki (1997) prepared a comparison of various M a n u s c r i p t proposals for regional nuclear cooperation offered during the period and concluded that there are potential areas of cooperation where common needs and interests exist among the countries of Northeast Asia. At present, however, none of these proposals have been implemented to a significant degree.
• The past decade has seen a number of additional proposals for cooperation on uranium enrichment, management of nuclear spent fuels, or both, many involving East Asian and Pacific countries. Brief summarizes of just some of the cooperation proposals on international enrichment and/or low-enriched uranium (LEU) fuel supply and spent fuel management that have come forth in the last 10 years or so follow (Suzuki and Katsuta 2009 ).
• The Global Nuclear Energy Partnership (GNEP), proposed by the United States during the George W. Bush administration (in 2006), had as its enrichment component a proposal to establish a group of enriched fuel supplier states, and a requirement that those states provide enriched fuel to non-supplier nations at a reasonable cost, while reducing the potential for proliferation of sensitive technologies, in part through cooperation with the IAEA on nuclear safeguards (Tomero 2008) . GNEP proposed coupling these fuel supply guarantees and with spent fuel "take back" arrangements. GNEP has been recast as the International Framework for Nuclear Energy Cooperation (IFNEC), which "is a partnership of countries aiming to ensure that new nuclear in initiatives meet the highest standards of safety, security and non-proliferation", and "involves both political and technological initiatives and extends to financing and infrastructure" (World Nuclear Association 2016).
• The International Uranium Enrichment Center (IUEC) and LEU Nuclear Fuel Bank, was proposed by Russia in 2006, and initiated by Russia shortly thereafter. The concept is for Russia to host the IUEC at its existing Angarsk Electrolytic Chemical Combine (Loukianova 2008) . Membership in the enrichment center, intended to be on an "equal and non-discriminatory basis", requires charter states to forego developing their own enrichment facilities, and be in compliance with their nonproliferation obligations (including membership in the Treaty on the Non-Proliferation of Nuclear Weapons). Reserves of LEU were placed at Angarsk in late 2010, and the IUEC Agreement went into force in early 2011, after which "the LEU reserve in Angarsk has been available for IAEA Member States", constituting "the first proposals on nuclear fuel supply assurances to have been put into practice" (IAEA 2011).
• In 2006, NTI (the Nuclear Threat Initiative) pledged $50 million toward an International Fuel Bank to be run by the IAEA. Since then, $100 million in matching contributions have been pledged by other countries. Similar to the Russian proposal, but not affiliated with a specific enrichment center, the goal of the Fuel Bank concept by NTI "…is to help make fuel supplies from the international market more secure by offering customer states, that are in full compliance with their nonproliferation obligations, reliable access to a nuclear fuel reserve under impartial IAEA control should their supply arrangements be disrupted. In so doing, it is hoped that a state's sovereign choice to rely on this market will be made more secure" (NTI 2009 (NTI , 2010 Horner 2010 ). The IAEA is siting the LEU repository at a remote site in Kazakhstan, at a metallurgical factory with existing storage infrastructure, and "inaugurated" the site in August of 2017. IAEA member states voted in favor of the fuel bank in late 2010 (NTI 2017).
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• In April of 2007, Germany proposed to the IAEA the creation of a multilateral enrichment facility, established by a group of interested states, to be placed in a host states but on an "extraterritorial basis" (Rauf and Vovchok 2007) . Like the Russian proposal, and similar to the Fuel Bank NTI proposal, the facility would help assure supplies of enriched fuels to nations that qualify based on adherence to their non-proliferation treaty commitments and related IAEA safeguards (IAEA 2007).
• The so-called "Six-Country" Proposal of a Nuclear Fuel Assurance Backup System, offered in 2006 by the enriched fuel supplier nations France, Germany, the Netherlands, Russia, the United Kingdom, and the United States, proposed that enrichment suppliers would substitute enrichment services for each other to cover supply disruptions for enriched fuel consumers that have "chosen to obtain suppliers on the international market and not to pursue sensitive fuel cycle activities". Further, the proposal would provide "physical or virtual" reserves of LEU fuel for use in the event that other fuel assurances fail (UNIDIR 2009).
• Also in 2006, Japan proposed an IAEA Standby Arrangements System for the Assurance of Nuclear Fuel Supply. This system would be managed by the IAEA and would offer information, provided voluntarily by nuclear fuel supplier countries, on the status of uranium ore, reserves, conversion, enrichment, and fuel fabrication in each country. The goal of this system is to help prevent disruption in international fuel supplies by acting as a kind of "early warning" system of impending supplier shortfalls for states purchasing fuel or fuel services. If a disruption in supply takes place, under this system, the IAEA acts as intermediary in helping a consumer country find a new supplier country (Rauf and Vovchok [2007] and Yudin [2009] ).
• In the 1990s, a commercial group called Pangea was looking for an international geologic repository for both spent fuel and radioactive wastes. Envisioning a facility for disposing of 75,000 MT heavy metal of spent fuel/HLW, Pangea initially selected Australia for its proposed repository, but is seeking other sites around the world after confronting political opposition in Australia (Bunn et al 2001) .
• During the late 1990s to early 2000s, two proposals involving depository sites in Russia were presented. One was a concept of the Nonproliferation Trust (NPT) that called for establishing a dry cask storage facility in Russia that would accept 10,000 MT heavy metal of spent fuel from abroad, and would include eventual spent fuel disposal. The other was a concept offered by MINATOM (Ministry for Atomic Energy of Russia ) that suggested a plan for an international spent fuel service involving offering temporary storage with later return of the spent fuel, or reprocessing of spent fuel without return of plutonium or radioactive wastes for customer countries (Bunn et al 2001) .
• • In 2008, Tatsujiro Suzuki and Tadahiro Katsuta (2009) proposed the idea of an "International Nuclear Fuel Management Association (INFA)" as a multilateral nuclear fuel cycle approach. The central principles of the INFA are universality, meaning avoiding discrimination between nuclear "haves" and "have nots", transparency, meaning that the IAEA "Additional Protocol" or equivalent safeguards arrangements should be applied for all facilities, and demand should come first before supply, and economic viability, meaning that the activities of the Association should be consistent with global nuclear fuel market activities, and that the economic rationale of the Association should be clearly defined to support nuclear fuel cycle programs.
• The Northeast Asia Peace and Cooperation Initiative, an ROK-led process that proposes to address several (often interrelated) topics of mutual concern to the countries of the region, one of which is "nuclear safety", through a gradual, stepwise process (see, for example, Lee [2014] ). The Initiative is notable in the it explicitly seeks to include the DPRK, but it does not yet seem to have articulated specific goals or proposals for regional nuclear fuel cycle collaboration.
Methods and Key Modelling Assumptions and Inputs
In order to the estimate the relative costs and benefits of nuclear fuel cycle cooperation in the East Asia region, the following analytical approach was taken. What is presented here is necessarily a condensed description of the methods and data used. Additional details of assumptions used in the analyses described here are available in the printouts provided in Appendix 1 to this paper.
Our analysis of nuclear fuel cycle cooperation scenarios in East Asia includes four major steps:
1. Preparation of three nuclear energy "paths" for each nation through the year 2050. These paths, embedded in the overall economy and electricity generation future of each nation, correspond to "BAU", or business as usual/reference case paths, "MAX", or maximum plausible nuclear deployment, and "MIN", for minimum likely nuclear build-out. The underpinnings of each path in each nation were taken from a variety of source, including energy sector modeling carried out under previous projects by teams of colleagues from the countries of the region, existing national publications, and international compendia of nuclear sector plans, most notably those of the World Nuclear Association. For each nuclear path and for each country, estimates were prepared of capacity by type of plant and by year, output of electricity by year, requirements for nuclear fuel, and production of nuclear spent fuel. A summary of the nuclear paths by country is provided below.
M a n u s c r i p t 13 2. Preparation of nuclear cooperation scenarios. Four different international cooperation scenarios were developed based in part on previous proposals for regional fuel cycle cooperation in Northeast and East Asia, as well as on assumptions rooted in discussions between the authors and colleagues in the region. Brief definitions of the nuclear cooperation scenarios developed are provided later in this section.
3. Evaluation of the physical and cost flows associated with pairs of nuclear energy paths and nuclear cooperation scenario (3 paths x 4 cooperation scenarios, or 12 total pairs).
We developed an Excel workbook allowing the calculation by country of the physical flows (for example, uranium ore/uranium metal, uranium enrichment, energy and water inputs, transport of nuclear materials, production of nuclear wastes, and requirements for nuclear materials storage) and costs (for example, purchase of uranium and enrichment services, transport costs, reprocessing costs, and disposal costs) for each of the following aspects of the nuclear fuel cycle:
• Uranium mining and milling;
• Uranium transport and enrichment;
• Nuclear fuel fabrication and transport; and
• Reprocessing and spent fuel management.
4. Assessment of the relative energy security costs and benefits, both quantitative and qualitative, of selected nuclear path/cooperation scenario pairs, as presented in Part II of this article.
Brief summaries of methods and key assumptions associated with each of these steps are provided below
Nuclear Energy Paths
Plans for nuclear generation capacity development are made in the context of developing overall plans for meeting national demand for energy services-specifically, energy services provided by electricity. To make sure that nuclear energy paths occur in context, we base our nuclear capacity paths on models of energy system development through at least 2030 in each of the nine countries. With the exception of the DPRK-for which energy paths are based on work by the authors-we in many cases based the nuclear paths described below on electricity forecasts and related electricity sector development paths included in models prepared by collaborating groups in each country. To facilitate the work of the collaborating groups, they were each asked to develop a "Business as Usual" (BAU) nuclear path, based on recent trends and/or government plans for the nuclear power sector, "Maximum Nuclear" (MAX), in which they were asked to estimate the most nuclear capacity that could reasonably be developed in the country through 2030, and "Minimum Nuclear" (MIN), in which country teams were asked to identify the minimum capacity that seemed plausible to be developed through 2030. For the purposes of evaluating regional nuclear cooperation scenarios, all of which involve the commitment to organizations and infrastructure that would persist well beyond 2030, nuclear capacity and output data for each country were roughly extrapolated to 2050. Extrapolations were performed using existing projections for nuclear capacity expansion by site where available, as well as by continuing trends of expansions through 2030. Details of the assumptions used to drive the three A c c e p t e d M a n u s c r i p t 14 paths in each nation are provided in Appendix 1 to this paper. In many cases, these assumptions update work done by researchers in the region.
The three nuclear energy paths per country serve as the basis for estimating nuclear fuel cycle parameters-from requirements for uranium ore through requirements for spent fuel management, as well as inputs, outputs, and costs of fuel cycle activities. The three paths drive a range of possible results for consideration as policymakers choose directions for nuclear energy policy.
Regional Nuclear Fuel Cycle Scenarios to 2050
The authors and our colleagues developed four nuclear fuel cycle scenarios, each with components related to the "front end" (fuel provision/enrichment) and "back end" spent-fuel management/reprocessing) of the cycle. Many of the components used in these scenarios have commonalities with or draw from the regional and international proposals reviewed briefly above. Though some of these scenarios call for regional facilities, the proposals are generic in terms of where-both in terms of nations and in terms of particular sites-shared facilities would be located. Particular sites and nations are not identified because there are a large number of different possible configurations of sites, too many to consider meaningfully here, including, in some cases, either having a single centralized set of facilities or multiple distributed facilities. Further, it is not our purpose in paper to look at the particular countries or sites as hosts, rather to explore the general energy security costs and benefits of different physical and institutional nuclear fuel cycle options. Clearly there are current legal and/or political constraints-local, national, and sometimes international-to almost any regional nuclear initiative (and many national ones) but given the timelines and energy/environmental imperatives involved, it is conceivable that some of the constraints could eventually be relaxed through explicit or de facto changes in policy, or worked around, in the future. Some of the constraints faced for likely host countries are discussed later in this paper.
The descriptions below update earlier analyses of four cooperation "scenarios" for nuclear fuel enrichment and for spent fuel management. These generic scenarios borrow many concepts from earlier enrichment and spent-fuel management cooperation proposals, some of which are summarized above. Each scenario includes specific assumptions by country for each of several fuel-cycle "nodes": uranium mining and milling, uranium transport, uranium conversion and enrichment, fuel fabrication, transportation of fresh reactor fuel, electricity generation, spent fuel management (including reprocessing), spent fuel transport, and permanent disposal of nuclear wastes. Key attributes of the scenarios are as follows-See Appendix 2 to this paper for further detail of these scenarios:
1. "National Enrichment, National Reprocessing": In this scenario the major current nuclear energy users in East Asia (Japan, China, and the ROK), and perhaps others as well, each pursue their own enrichment and reprocessing programs. Disposal of highlevel nuclear wastes from reprocessing would be up to each individual country, with attendant political and social issues in each nation. Security would be up to the individual country, and as a result, transparency in the actions of each country is not a given.
2. "Regional Center(s)": This scenario features the use of one or more regional centers for enrichment and reprocessing/waste management, drawn upon and shared by all of the M a n u s c r i p t 15 nuclear energy users of the region. We avoid identifying particular country hosts for the facilities, but China and Russia are obvious candidates.
3. "Fuel Stockpile/Market Reprocessing": Here, the countries of the region purchase natural and enriched uranium internationally, but cooperate to create a fuel stockpile that the nations of the region can draw upon under specified market conditions. Reprocessing services are purchased from international sources, such as France's AREVA or from Russia, while some spent fuel continues to be stored in nations where nuclear generation is used.
4. "Market Enrichment/Dry Cask Storage": In this, likely the least expensive of the four scenarios for participants, countries in the region (with the possible exception of China) would continue to purchase enrichment services from international suppliers such as URENCO in Europe, USEC Inc. (USEC is now a subsidiary of Centrus Energy Corp) in North America, and Russia. All spent fuel, after cooling in ponds at reactor sites, would be put into dry cask storage either at reactor sites or at intermediate storage facilities.
Cooperation on nuclear fuel cycle activities could take place between all of the countries of East Asia and the Pacific, or a narrower group of several countries within the region, or a broader group of countries that could include nations outside the region. At their least demanding (in terms of costs and institutional arrangements between nations), cooperation options can involve relatively modest types of activities such as straightforward scientific, educational, and technical exchanges, or collaborations-for example, through the International Atomic Energy Agency (IAEA) or other international agencies-on sharing of information on nuclear "best practices". More complex options include consortiums for purchasing of raw uranium or of enriched fuel. More complex still are arrangements to share enrichment and spent-fuel management facilities. An IAEA Expert Group in 2005 produced a generic review of multilateral approaches to the nuclear fuel cycle, and some of that group's observations and suggestions are reflected in the proposals by other groups summarized above, as well as in the regional cooperation scenarios elaborated and evaluated in this paper (IAEA 2005) .
These scenarios are not by any means intended to exhaust the universe of possible nuclear fuel cycle cooperation (or non-cooperation) options for the region. We believe that these scenarios do, however, represent a reasonable range of the different options that could be adopted.
Calculation of Nuclear Fuel Cycle Inputs, Outputs and Costs
By using the three nuclear power expansion path cases, we assess the relative costs and benefits of the four cooperation scenarios under a range of different nuclear capacity/energy production "conditions" to see which scenarios are more attractive at what levels of nuclear power adoption-taking into account parameters like existing reprocessing and spent fuel management capacities in the region, as well as issues such as management of nuclear fuel cycles for potential new members of the nuclear energy "club" in the region (Vietnam, Indonesia, North Korea, and-less likely-Australia). Over a timeline of 2000 through 2050, simple stock and flow accounting is used to generate annual estimates of major required inputs to and outputs of the nuclear reactor fleet in each country, and of other nuclear facilities such as enrichment and reprocessing facilities. For each path and each cooperation scenario, we track key physical parameters such as the amounts of Uranium fuel (in tonnes of ore and metal) and enrichment capacity needed (in separative work units, or SWU) and quantities of spent fuel to be managed M a n u s c r i p t (in tonnes of heavy metal-tHM) through each step in the transport and transformation of nuclear materials. The fuel cycle nodes modeled are uranium mining and milling, uranium transportation and enrichment, fuel fabrication and reactor fuel transport, and reprocessing and spent fuel management. Key inputs at each (applicable) node include the mass of uranium (in various forms) and plutonium, energy, enrichment services, transport services, and money, accounted for by country and by year. Key outputs at each node include uranium and plutonium, spent UOx (uranium oxide) and MOx (mixed oxide) fuel, and major radioactive waste products, again by country and year. Costs are presented and calculated in approximately 2009 constant (real) US dollars, except where noted.
Using this approach, quantitative results for 12 different regional cooperation scenario and nuclear power development path combinations were generated.
Many of the parameters incorporated in the analysis described here are uncertain, with the future costs of nuclear materials and facilities perhaps the most uncertain. As such, numerous assumptions informed by a variety of literature sources were used in this analysis. See the online materials accompanying this paper for selected inputs and assumptions used for in the nuclear fuel cycle analysis A summary of some of the key assumptions used in the analysis is as follows:
• As alternative projections of uranium prices, we prepared a "High" projection that assumes 7.3 percent average annual growth through 2035, and 5 percent average growth per year thereafter, and a "Low" projection case below, we assume an increase in uranium costs of 3.0% annually through 2020 from the current (2017) very low U prices, and a modest 0.50% annual real increase in uranium costs thereafter.
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It might be considered reasonable to pair the different projections of uranium prices with the different nuclear energy development paths, as we have done for enrichment prices (see below). We have decided against doing so, however, because it seems likely that uranium supply can respond to different levels of demand much more quickly than can enrichment capacity. We thus use the medium uranium price projection for all four scenarios of cooperation and for all three nuclear energy capacity paths, but use alternative price projections to prepare sensitivity analyses.
• Average uranium (U) concentration in ore purchased from international market sources:
2.8%. Note that this estimated average, based mostly on 2016 output data, is heavily influenced by the uranium concentration of a single highly productive mine in Canada with an ore concentration of on the order of 20 percent. Excluding this mine, the global average U concentration in ore is slightly less than 0.1%, though in practice uranium concentrations in M a n u s c r i p t ore vary widely (World Nuclear Association 2017f).
• Thirty percent of the enriched uranium from the international market was produced in gaseous diffusion plants in 2007, with the remainder in centrifuge-based plants, but all enrichment was sourced from centrifuge-based plants by 2014 as gaseous diffusion capacity, mostly the Paducah plant in Kentucky in the United States, was retired (this is roughly consistent with information in World Nuclear Association [2017g]). Although some enriched uranium will continue to be sourced from highly enriched uranium from retired nuclear weapons, and it is possible that some laser enrichment will begin to be used in the international market, we assume that centrifuge-based plants will effectively continue to be the predominant supplier of enriched uranium for East Asia through 2050.
• Enrichment costs have fallen by well over 50 percent in the last five years, from about $160/kg per separative work unit (SWU) in 2008 through early 2010 to about $72 per kg in 2015, and to about $40 in the first two-thirds of 2017, likely as a result of the combination of the global economic recession and the impacts on the nuclear industry of the Fukushima accident. The retirement of the (expensive) gaseous diffusion plant in the US may also have played a role in reducing enrichment costs. We assume, for the BAU nuclear generation capacity expansion case, that costs per SWU rise at 2.0 percent annually in real terms from the 2017 level, meaning that real 2050 costs per SWU will be substantially lower than they were at the cost peak in 2008/2009. Since the MAX nuclear capacity expansion case results in higher demand for SWU, we assume that the costs per SWU will rise faster than for BAU capacity expansion, at an average rate of 3.0 percent annually. Conversely, a low rate of nuclear generation capacity expansion reduces SWU demand, so we assume a 1.0 percent annual real escalation of costs per SWU from (very low) 2017 levels is associated with scenarios in based on the MIN capacity expansion case. Associating particular enrichment cost trajectories with specific nuclear capacity expansion/use scenarios is admittedly a modeling decision in and of itself, and one that can be questioned. If the region being modeled represented a smaller part of the current and expected market for enrichment, then one could justifiably argue that world SWU market prices should be largely independent of changes in nuclear generation in the region. In this case, however, the converse is true, and changes in the region are likely to have a large impact on enrichment demand. The supply of enrichment services, on the other hand, is arguably fairly inelastic, as enrichment plants are expensive and take a long time to plan, site, and build. Still, over a 30-plus year time horizon one might expect more enrichment to come on line and affect international prices. Sensitivity analysis can be used to examine the impacts of different enrichment price trajectories on different combinations of scenarios and nuclear capacity paths.
• Raw uranium transport costs are set at roughly container-freight rates.
• The cost of U 3 O 8 conversion to UF 6 (uranium hexafluoride, which is processed by enrichment plants) is $14/kg U.
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• The cost of UOx fuel fabrication is $270/kg heavy metal (HM, meaning uranium and plutonium). A c c e p t e d M a n u s c r i p t
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• The cost of MOx fuel blending and fabrication is $1800/kg heavy metal (Bunn et al 2003 At that level, MOx fuel fabrication costs would be a significant fraction of overall nuclear fuel cycle costs.
• The fraction of plutonium (Pu) in (fresh) MOx fuel is 9.5% (from World Nuclear Association
[2017k]; MIT [2003] cites a 7% Pu content for MOx).
• Spent fuel transport costs by ship are about $40/tHM-km (OECD/NEA 1994).
• The cost of reprocessing is $1200/kg HM (MIT 2003) except in Japan, where it is $3400/kg HM based on the costs of the existing Rokkasho plant, 14 and in China where it is about $2770/kg HM based roughly on a proposed reprocessing project in China. 15 For the purposes of this analysis, we assumed that spent MOx fuel would not be reprocessed.
16
• The effective average lag between placement of nuclear fuel in-service (in reactors) and its removal from spent fuel pools at reactors is 8 years.
• The cost of treatment and disposal of high-level wastes is $150/kg HM reprocessed, the mass of Pu separated during reprocessing is 11 kg/t HM in the original spent fuel, and the cost of storage and safeguarding of separated plutonium is $3000/kg Pu-yr (OECD/NEA 1994).
• The average capital cost of dry casks (for UOx or MOx spent fuel) is $0.8 million/cask and the operating cost of dry cask storage is $10,000 per /cask-yr.
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• The cost of interim spent fuel storage (total) is $360/kg HM placed in storage, and the cost of permanent storage of spent fuel is assumed to be $1000/kg HM placed in storage (based roughly on OECD/IEA [1994] . Permanent storage, however, is not implemented, and its costs are not charged, in any of the scenarios above by 2050.
13 This is a very rough calculation, using a discount rate of 5 percent/yr, a facility lifetime,of 30 years, a Pu use rate for the MFFF of 3.5 tonnes/year (World Nuclear Association [2017k]), and a Pu fraction in MOx fuel of 9.5%. 14 Katsuta, T. (2010), personal communications. 15 The World Nuclear Association (2017i) quotes the cost of one proposed reprocessing project in China as follows: "...Areva-CNNC agreement was signed for the 800 t/yr plant, referencing Areva's La Hague plant and envisaging a cost of CNY 100 billion ($15.70 billion)". Assuming a 40-year plant lifetime and an interest rate of 5% annually, and assuming an average capacity factor of 90% plus an adder of 15% to capital cost for interest accrued during construction, for a plant with capacity of 800 tHM per year, this implies an annualized capital cost of $1.05 billion, or $1,461 per kg HM processed. Orszag (2007) uses a value of 6% of capital cost as an estimate of annual operations and maintenance costs for a reprocessing facility. This would imply annual operating costs of $0.94 billion annually, for a total levelized capital and O&M costs of $1.99 billion per year, or $2,770 per kg HM processed. 16 Although MOx spent fuel has been reprocessed on a limited basis in the past and reprocessing of spent MOx fuel is apparently planned in Japan, reprocessing of MOx does not appear to be common practice, and it is not clear to use whether MOx fuel recycling is likely to become prevalent. See World Nuclear Association (2017k). 17 Capital and operating costs based very roughly on US DOE (1994) and TRW (1993).
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The annual cost of storing cooled spent fuel, including both UOx and MOx spent fuel, in pools is $11,700 per tHM. 18 Note that this cost does not apply to spent fuel before it has cooled, as costs for at-reactor cooling for 8 years are assumed to be part of reactor operating and maintenance costs. Figure 3 -3 shows the capacity trends by year and country if all nations follow each of the three paths, though in practice it is likely that the nations of East Asia and the Pacific will not all choose the same one of the three paths described, thus the capacities in these three figures shown could be thought of as an approximate bounding of a wide range of potential combinations. In fact, the internal and external conditions that would cause each country to adopt a "MAX" or "MIN" (or BAU) path vary by country, although some trends toward the extremes could be driven by international events (for example, another Fukushima-like event) or agreements (for example, nuclear fuel cycle cooperation that reduces tensions and increases citizen confidence in nuclear power) with impacts in many nations of the region.
Results

Future Nuclear Capacity and Generation Paths
[ 
Spent Fuel Management Cooperation Scenario Results
Results for the spent fuel management cooperation scenarios described above are provided in this section of this paper. These results update previous work on the topic.
Uranium Production and Enrichment
Over the period from 2000 through 2050, the countries of East Asia and the Pacific included in this study are projected to use a cumulative 1.45 to 1.54 million tonnes of natural uranium (as U) in the BAU capacity expansion case, with usage under Scenario 4 about 7 percent higher than in Scenarios 1 and 2. Producing these quantities of uranium will require the extraction of about 65 (Scenarios 2 through 4) to 270 million tonnes (Scenario 1) 19 of uranium ore, with extraction in Scenario 1 being much higher because more of the ore is mined domestically (mostly in China), rather than being sourced from higher-grade Canadian (and other) deposits. As large as these 19 In the MAX capacity expansion case, cumulative 2000 through 2050 uranium ore extraction is about 510 million tonnes in Scenario 1. 
Spent Fuel Management
The increase in production of spent fuel has implications for the sufficiency of space for storage of spent fuel at reactors (spent fuel pools) and other facilities. In Scenario 1 under the BAU nuclear capacity expansion path, Taiwan (Chinese Taipei), Japan, and the ROK will require new spent fuel storage capacity by the early 2020s. This need for spent fuel capacity could come sooner in the ROK and possibly Japan, depending on whether spent fuel pools remain denseracked, and the extent of reactor restart and the timeline for starting the Mutsu dry cask storage facility in Japan. For the latter, see, for example, Takase and von Hippel (2017) . New storage may be needed by the mid-2030s in China. By 2050, in the BAU case, storage, disposal, or reprocessing for about 4200 to 4400 tHM of cooled uranium oxide (UOx) spent fuel will need to be added annually, with nearly two-thirds percent of that requirement in China alone. An additional 200 or more tHM of cooled MOx spent fuel will also need to be placed in storage in some scenarios. In the absence of regional cooperation on spent fuel management, the countries of East Asia, and in particular Japan, the ROK, and China, will in the next 10 to 20 years need to begin opening a large amount of out-of-reactor-pool spent fuel storage or disposal space, or develop the same equivalent amount of storage space in reprocessing facilities (or a M a n u s c r i p t combination). This result is based, as noted above, on the assumption that new reactors will (mostly) be designed with 15 years of spent fuel storage capacity. Though it may be that new nuclear plants will be designed with larger spent fuel pools, the tendency to build larger spent fuel pools may be tempered by consideration of the risks of at-reactor pool storage of large quantities of spent fuel, particularly when, as in many existing plants in Northeast Asia (and elsewhere), spent fuel pools are "dense packed" with fuel rod assemblies. These risks were underscored by the damage to spent fuel in pool storage that occurred during the Fukushima Daiichi Plant accident in Japan starting in March 2011. Given the recent history of public opposition to new nuclear sites in Japan and the ROK, one would expect the process of developing new storage/disposal/reprocessing facilities to be difficult. China, with more lightlypopulated areas than the ROK or Japan, and less of a tradition of civic involvement in security and environmental issues, may find an easier path to siting such facilities. On the other hand, in the twenty years between now and when China will need such facilities, and given the recent trend of a growing civil society voice in key issues, spent fuel management facilities may also become progressively harder to site in China as well. This trend is indicated, for example, by 2016 protests over siting of a reprocessing facility in the city of Lianyungang (Stanway, 2016) , which resulted in suspension of work on the plant.
[ Figure 3 -9 summarizes the region-wide use of reprocessing over time in each of the four Scenarios. A similar amount of reprocessing takes place in each of Scenarios 1 through 3, rising to 2200 tonnes of heavy metal or more annually by 2050, but reprocessing in Scenario 1 takes place mostly in the countries of the region, while in Scenarios 2 and 3 reprocessing is mostly done either outside the region, or in shared reprocessing facilities in the region. In Scenario 4, as a result of the scenario assumptions, no reprocessing takes place after about 2010. Note that the scale in the graph for Scenario 4 is much smaller than the scale in the other three panels of [ Figure 3 -9. Combinations of active reprocessing programs and high or medium growth in nuclear generation capacity yield large, though transitional, inventories of plutonium-on the order of 60 to 90 tonnes. For example, scenario 1 coupled with the "BAU" capacity expansion path produces a Pu inventory of 91 tonnes by 2040, but a third of that inventory is used in MOx fuel by 2050, given Scenario 1 assumptions. Pu stocks in any given year are exquisitely sensitive to assumptions as to when and how much MOx fuel is used, relative to when and how much reprocessing takes place. Several scenario/path combinations actually result net negative plutonium stocks regionwide in the last two to four years of the modeling period (ending in 2050), implying that Pu from other international separation programs-or, perhaps, conversion of plutonium originally produced for weapons-would be used to produce MOx fuel in those few years (and/or MOx fuel use would be decreased). Given the assumptions above, the MIN capacity expansion paths result in ever-increasing inventories of Pu in scenarios 1 through 3, with some scenarios implying inventories of over 170 tonnes by 2050. Plutonium inventories remain at about 53 tonnes in all Scenario 4 capacity variants from about 2015 on. Placed in perspective, in almost all years any of these quantities of Pu are sufficient that diversion of even a few hundredths of one percent of the total regional stocks would be enough to produce one or more nuclear weapons. M a n u s c r i p t 
Spent Fuel Production
[ Figure 3 -11 summarizes cooled spent fuel (UOx fuel only) production by country in Scenario 1 for the BAU capacity expansion path. By 2050, an annual volume of somewhat over 4200 tonnes of spent fuel regionwide will be cooled and ready for storage, reprocessing, or disposal. In scenarios 1 through 3, an additional 230 or more tonnes per year of MOx spent fuel will be cooled and require further management-but likely somewhat different management than UOx fuel, due to its different radiological properties-in 2050, with all cooled MOx fuel coming from Japan, China, and the ROK. Note, in [ Figure 3 -11, that the dip in cooled spent fuel production corresponds to the very low (or zero) capacity factors for nuclear power in Japan in the aftermath of the Fukushima accident. The actual cooled spent fuel production in the mid-to-late 2020s may be even lower, as the capacity factors used in this study for the post-Fukushima years in Japan may prove to be overstated. 
Relative Costs of Scenarios
Along with the inputs to and outputs of nuclear fuel cycle facilities, the estimated costs of key elements of the nuclear fuel cycle have been evaluated for each combination of scenario and nuclear capacity expansion path. In general, though not in every case, "levelized" costs have been used, expressed, for example, on a per-tonne-heavy metal processed basis, to include a multitude of operating and maintenance as well as capital costs, often for very long-lived facilities. In other cases market trends in prices have been extrapolated, for example, for uranium prices and enrichment services, while providing for the option of modeling different price trends. All costs in the figures in this section are provided in 2009 US dollars. The figures below focus on the results of the BAU nuclear capacity expansion path. As with other parameters, cost estimates are in many cases by their very nature quite speculative, as they often specify costs for technologies that have not yet been commercialized (permanent waste storage, for example), or are commercialized but practiced in only a few places in the world (reprocessing and high-level waste vitrification, for example), or are subject to regulatory oversight with the potential to considerably change costs, or for which specific costs were not immediately available for this analysis (such as most nuclear materials transport costs). As such, the costs Not yet included directly in the cost analysis for the scenarios and paths summarized here are the costs of nuclear generation, apart from fuel-related costs. These costs have been omitted (capital costs and O&M costs, for example) in analyses thus far because a full comparison of different nuclear paths also requires inclusion of the capital costs of other electricity generation sources and of other methods of providing energy services (such as energy efficiency improvements) that might be included in a given energy sector development path for a given country. We have, however, prepared a rough estimate of total nuclear generation costs, apart from the fuel-cycle costs presented in detail here, and those costs are presented for order-of-magnitude comparison purposes below. It should be noted, however, that using MOx fuel in some of the region's reactors will require modifications in reactor design and operation that will vary in cost by plant, but will likely be in the range of tens of millions of dollars in capital costs and tens of millions of dollars in annual operations costs, per reactor (see, for example, Williams [1999] ). These costs would accrue to scenarios with substantial MOx use, but not to scenarios where reprocessing (and MOx use) is avoided. • Natural uranium transport costs, at an estimated 2 to 6 million dollars per year in 2050, are a negligible fraction of overall costs.
• Uranium conversion costs range from 660 to 720 million dollars per year by 2050 for the countries of the region.
• Uranium enrichment costs for the region are about 30 percent of mining and milling costs, at an estimated at $2.7 to $3.0 billion per year by 2050, with the inclusion of reprocessing in scenarios again reducing costs only modestly. As noted above, enrichment costs, like uranium costs, have been historically volatile-decreasing by a factor of three between 2009 and 2016 alone-so use of a higher price trajectory could substantially increase this cost, relative to the medium enrichment price scenario (returning to only 2015 price levels by 2050) reflected in these results.
• UOx fuel fabrication costs are estimated at $1.4 to $1.5 billion annually by 2050.
• Though the quantity of MOx fuel used is much lower than that of UOx fuel, MOx fabrication costs are estimated at about $580-590 million annually by 2050 in Scenarios 1 through 3 where MOx is used.
• Reprocessing costs range from about $2.8 to 5.7 billion per year in those Scenarios (1 through 3) that feature reprocessing, with Scenario 1, with more (and more expensive) M a n u s c r i p t 30 reprocessing in Japan having the highest reprocessing costs, but with Chinese reprocessing costs also significant.
• Treatment of high-level wastes from reprocessing adds $330 to 390 million per year to the costs of Scenarios 1 through 3, with treatment of medium-level, low-level, and solid wastes from reprocessing, and of uranium separated from spent fuel during reprocessing (less uranium used for MOx fuel) adding an aggregate $190 to 230 million per year to costs by 2050.
• Plutonium storage costs range from $160 to $240 million/year in 2050, with those scenarios that result in higher Pu inventories by 2050 (those where Pu is not in part used up in MOx fuel) showing higher costs for that year.
• Interim storage of non-reprocessed spent fuels (and of MOx fuel), in Scenarios 1 through 3, has estimated costs in 2050 of $820 million to $1.0 billion per year. In Scenario 4, using Dry Cask Storage, estimated costs in 2050 are about $550 million per year, or somewhat lower, though the amount of spent fuel being handled in Scenario 4 includes the fuel that would otherwise have been sent to reprocessing in the other scenarios. Estimated costs for transportation of spent fuel in are about $100 million annually in 2050 in Scenario 1, about $220-250 million/year in Scenarios 2 and 3, and zero in Scenario 4 (due to the assumption of that on-site dry cask storage is used.
Overall, the conclusion from the above-similar to the conclusion that a number of other researchers have reached using per-unit costs (not from regional scenarios), is that reprocessing of spent fuel results in much higher costs-higher by on the order of $4-7 billion per year (about 26-41 percent), region-wide, in 2050-than using dry-cask storage and avoiding reprocessing of spent fuel, as shown in [ Figure 3 -15 shows net present value costs from 2010 through 2050 (calculated with three different discount rates) for the nuclear fuel cycle elements. Scenarios 1 through 3 yield total costs that are about 15 to 22 (at a discount rate of 5.0 percent/year) to 19 to 28 percent (at a zero discount rate) higher overall than in the least expensive scenario (Scenario 4). The absolute cost difference between scenarios declines somewhat as the discount rate used increases. Results at three different real discount rates are shown to reflect a range of potential perspectives as to the time value of money in nuclear investments. Present interest rates in Japan, for example, are near zero (and in the negative range in real terms as recently as 2016). In addition, one could argue that as investments with decidedly intergenerational implications, nuclear fuel cycle costs should be evaluated with a near-zero, zero, or even negative discount rate (see, for example, Hellweg, Hofstetter, and Hungerbühler [2003] ).
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Cooperation Scenario Costs in Context
Although significant, nuclear fuel cycle costs are only a portion of the overall costs of nuclear generation. In order to gauge the magnitude of fuel cycle costs relative to other costs, we prepared a rough estimate of the overall costs of nuclear power in each of the countries of the region over the period from 2010 through 2050.
[ Table 3 -5 shows our assumptions used in preparing an overall estimate of the costs of nuclear power in the region for major costs excluding fuel-cycle costs, which are covered above. The costs categories included here are capital costs (annualized using a cost recovery factor based on an interest rate of 5 percent/yr in real terms), annual fixed (O&M) operating and maintenance costs, variable (non-fuel-cycle) O&M costs (typically small for nuclear plants), and decommissioning costs. Capital and other costs for nuclear power plants are notoriously hard to estimate, particularly where future costs are involved, but the estimates below generally fall within the range of costs available from various literature sources.
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[ Overall, the difference between the costs of the four cooperation scenarios-between $75 to $100 billion over the entire region from 2010 through 2050-represents only a few percent of the overall cost of nuclear power. Given the broad span of time and space over which these estimates are calculated, and the substantial uncertainties in many of the parameters involved, this result suggests that costs should not be the overriding factor in deciding between nuclear fuel cycle options. Rather, parameters that are difficult or impossible to accurately estimate quantitatively, such as the impacts of different fuel cycle options on radiological risks, security of the sector from attack, and/or the responses of local communities to different fuel cycle choices, should be regarded as more significant in informing nuclear fuel cycle policy decisions, as described below.
Cooperation Scenario Results Summary
The results of the regional scenario evaluation above indicate that Scenario 4, which focuses on at-reactor dry cask storage and coordinated fuel stockpiling, but largely avoids reprocessing and mixed-oxide fuel (MOx, that is, reactor fuel that uses a mixture of plutonium reprocessed from spent fuel and uranium and as its fissile material) use, results in lower fuel-cycle costs, and offers That said, there are definite trade-offs between scenarios. Scenario 1, by using much more domestic enrichment and reprocessing than the other scenarios, arguably improves energy supply security for individual nations, but results in higher technological risk due to national reliance on one or a small number of enrichment and reprocessing plants, rather than the larger number of largely well-established plants that constitute the international market. Scenario 1 would also raise significant proliferation concerns (not the least of which would be the DPRK's reaction to ROK enrichment and reprocessing). Scenario 1 also results in the at least transient build-up of stockpiles of plutonium (Pu) in each of the nations pursuing reprocessing. Though the magnitude of the plutonium stockpiles, and the rate at which they are used, varies considerably by nuclear path and scenario, the quantities accrued, ranging up to about 90 tonnes of Pu at a maximum in Scenario 1 by the late 2030s, are sufficient for tens of thousands of nuclear weapons, meaning that the misplacement or diversion of a very small portion of the stockpile becomes a serious proliferation issue, and thus requires significant security measures in each country where plutonium is produced or stored. Scenario 4, without additional reprocessing, maintains a stockpile of about 53 tonnes of Pu from about 2010 on. This still represents a serious proliferation risk, but does not add to existing stockpiles or create stockpile in new places.
Scenarios 1 through 3, which include reprocessing, result, as noted above, in higher annual costs-about $4 to $7 billion per year higher in 2050 relative to Scenario 4-over the entire region. Scenarios 1 through 3 reduce the amount of spent fuel to be managed substantially-by 50 percent or more over the period from 2000 through 2050, relative to Scenario 4-but imply additional production of more than 20-fold more high-level waste that must be managed instead (thousands versus hundreds of cubic meters). This in addition to medium-and low-level wastes from reprocessing and wastes from MOx fuel fabrication that must be managed in significant quantities in Scenarios 1 through 3, but not in Scenario 4. Scenarios 1 through 3 offer a modest reduction-less than10 percent in the BAU nuclear capacity paths case-in the amount of natural uranium required region-wide, and in attendant needs for enriched uranium and enrichment services. This reduction is not very significant from a cost perspective unless uranium costs rise much, much higher in the next four decades. The quantities of electricity and fuel used for uranium mining and milling, as well as production of depleted uranium, are generally somewhat lower under Scenarios 1 through 3 than under Scenario 4, though results for Scenario 1 differ from Scenarios 2 and 3 because of the emphasis on sourcing uranium from domestic mines in the region.
[ Figure 3 -19 shows aggregated front-end (fuel preparation) and back-end (spent fuel management) costs by Scenario and for each of the three nuclear capacity paths for the region. Scenarios 2 and 3, though they include reprocessing, place more of the sensitive materials and technologies in the nuclear fuel cycle in regional and international facilities, and as a consequence, are likely to be superior to Scenario 1 in terms of reducing proliferation opportunities, reducing security costs, and increasing the transparency of (and thus international trust in) fuel cycle activities. The costs of Scenarios 2 and 3 shown in this analysis are not significantly different, overall, from those of Scenario 1, but a more detailed evaluation of the relative costs of nuclear facilities (particularly, enrichment and reprocessing facilities) in different countries, when available, might result in some differentiation in the costs of these three scenarios. Overall, however, although the total costs of the scenarios may vary by several billion dollars per year, it must be remembered that these costs are inconsequential to the overall annual costs of electricity generation in general, and modest even when compared to the cost of nuclear 
Front-end Costs
A c c e p t e d M a n u s c r i p t generation alone, as described in section 3.2.4. In considering the costs of electricity generation in general in the region, in round terms, if one assumes that the total electricity demand in East Asia in 2050 is on the order of 20,000 TWh, or about three times electricity demand in the countries in the region as of 2011, and that the per-unit total cost of electrical energy at that time is on the order of 10 US cents/kWh (perhaps somewhat greater than the average in the region today, but possibly an underestimate for 2050), then the implied total cost of electricity supplies in 2050 in the countries under consideration in this Working Paper is on the order of $2 trillion per year. The nuclear fuel cycle-related costs considered here are therefore just a percent or so of the total, and the differences between scenarios is a just a small fraction of a percent. Both of these values are easily lost in the margin of uncertainty regarding future power costs.
Scenarios 2 and 3 result in significantly more transport of nuclear materials-particularly spent fuel, enriched fuel, MOx fuel, and possibly high-level wastes around the globe, likely by ship, than Scenario 1, though there would be somewhat more transport of those materials inside the nations of East Asia in Scenario 1.
The scenarios described and evaluated above have, of necessity, to a certain extent suspended consideration of national and international political and legal constraints in order to focus on alternatives for regional fuel cycle management. It is more than clear, however, that there are substantial legal and political constraints to regional cooperation on nuclear fuel cycles, and that these constraints will either limit the opportunities for cooperation, or need to be overcome in some way, in order to allow regional arrangements to proceed. These constraints include (but are unlikely to be limited to) legal and/or political constraints on regional spent fuel management, enrichment, and integrated facilities. Specific and detailed discussion of these issues is beyond the scope of this paper but will play a crucial role in determining the practicality of specific cooperation schemes, as discussed briefly below.
Discussion
Please see Part II of this paper for a summary of some of the potential benefits and challenges of nuclear fuel cycle cooperation in East Asia, thoughts on the special case of including the DPRK in nuclear fuel cycle cooperation, explorations of the cost-benefit implications of cooperation scenarios, and descriptions of how the conclusions regarding spent fuel cycle cooperation might interact with other issues related to nuclear power.
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